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[57] ABSTRACT 
Liquid chromatography-mass spectrometer apparatus 
and method are disclosed for analyzing the components 
of a complex mixture, characterized in that at least a 
portion of the eluted effluent from the liquid column is 
continuously introduced directly into the ionization 
chamber of a chemical ionization mass spectrometer 
for detection of the eluted sample components. Use is 
made of restricted capillary tube means for introducing 
the complex mixlure directly into the chemical ioniza- 
tion ion source chamber, and diffusion pump and cryo- 
genic pump means for obtaining the desired vacuum in 
the ion source chamber. The solvent is used as the 
agent necessary for chemical ionization, thereby mak- 
ing it unnecessary to remove all of the solvent before 
introducing the sample into the analyzer. Mass spectra 
is taken either on a repetitive basis, or the instrument is 
operable to monitor the total abundance of peaks other 
than those resulting from the solvent 
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structed liquid chromatograms, mass chromatograms, 
LJQUID CHROMATOGRAPHY-MASS and multiple ion detection. Detection H*« r *"W 
SPECTROMETRY SYSTEM AND METHOD made possible by the indiv.dual mass peaks are supe- 
rior and the subnanogram detection sensitivities 
DESCRIPTION OF THE PRIOR ART 5 BCn j eve d are at least comparable to those of any other 
Liquid chromatography techniques for analyzing detector, and are applicable to most ss imples meeting 
complex mixtures are well known in the patented prior the low vapor pressure requirements of direct chemical 
art, as evidenced by the U.S. Pat. to Bakalyar et al. No. ionization. M,r««ia 
3 446 057, Skeggs No. 3,230,048, and Waters Nos. Thus, the solution emerging from the liquid chroma- 
3 522 725 and 37537,585, and the use of mass spec- 10 tography column can be introduced continuously into 
trometers in gas analyzing systems has been proposed the ionization chamber of the chemical ion.zat.on mass 
in the patents to Llewellyn et al. U.S. Pat. No. spectrometer. Mass spectra can be taken on a repeu- 
3 429 105, Haruki et al. U.S. Pat. No. 3,581,465,Saun. live basis, or the instrument set up to monitor the total 
to IJ.S. Pat. No. 3,662,520 and Grunnee et al. U.S. abundance of peaks other than those resulting from the 
Pat. No. 3.678,656, among others. .5 solvent. In this fashion whenever a solute appe _ars in 
It has also been proposed to analyze complex mix- the chromatographic effluent, ions from it should pro- 
lures in a strictly batch wise manner. A certain volume duce a signal indicative of the concentration of the 
of the liquid chromatography effluent is collected, the solute in the effluent. The total of solvent ^per- 
solvent is evaporated off, and the residue is introduced mitted wh.ch can be mtroduced into the mass spec- 
into the mass spectrometer. R. E. Lovins, S. R. Ellis. C. 20 trometer is determined by the pumping speed I of the 
D. Talbert and C R. McKinney, AnaLfhem., 45, 1553 instrument. 1 this ,s insufficient, a P re . C0 "^Xve 
( 1973). Such a technique has the drawback that it the sample w ,11 be valuable. One way in which we have 
cannot supply a chromatographic curve showing peak achieved this is to allow the solution to drop through an 
shapes and other valuable indications of column per- evacuated chamber into a sample cup connected I to the 
formance. and also causes the mixing of components 25 mass spectrometer. The more volatile solvent evapo- 
which elute closer together than the sampling points. rates preferentially in the evacuated chamber thus 
Furthermore, direct sampling of pure organic liquids concentrat.ng the solut.on and reducing the volume per 
into a conventional electron ionization mass spectrom- minute which must be accepted by the ( mass ^rome- 
eter has been reported. V. L. Tal'Rose. V. D. Grishen, ter. By using the solvent as part or all of the reagent 
V. E. Skurat and G. D. Tantsyrev, "Recent Develop- 30 gas" necessary for chemical ionization, it *>«xnna 
ments in Mass Spectrometry," K. Ogata and T. unnecessary to remove all of the solvent before intro- 
Hayakawa, eds.. University Park Press, Baltimore, ducing the sample into the analyzer. 
1 970 p 121 8. The very low source pressure required Accord.ngly. a primary object of the present inven 
limits' the liquid flow rates to less than 10~ e ml/minute, tion is to provide an improved liquid chromatography 
whereby practical sensitivities for solutes cannot be 35 method and apparatus for analyzing the components ;ot 
nhteined a complex mixture, characterized in that at least a 
Liquid'chromatography has experienced an explosive portion of the eluted effluent from the liquid column MB 
orowth in analytical applications reminiscent of that introduced continuously and directly into the ion 
fhown by gas chromatography a decade or more ago. source chamber of a chemical ionization mass i spec- 
One of the most serious instrumental problems limiting 40 trometer connected with a computer In one embodi- 
further applications is the availability of detector sys- ment, interface means are provided for introducing a 
terns of suitable sensitivity and specificity. The two portion of the effluent continuously ^.nto die wn i source 
main general purpose detectors which are now used for chamber at a desired flow rate which is ^preciably 
Hquid chromatography columns are the differential lower (approximate y %) than of the ttow rate of 
refractometer (DR) and ultraviolet spectrophotometer <5 the solution in the liquid column Thus, for a How ^rate 
(UV). A differential refractometer can detect most in a conventional liquid column of 0 5 - 1.5 m'/™™*- 
compounds but with sensitivities of only about 10"' a continuous flow rate of 10-12 ^l/minute to the on 
l°Z. It cannot be used for gradient elution. Ultravio- source chamber is achieved by the use of res nc ed 
fe, detection can give sensitivites of 10- grams in fa- capillary tube means. In an alternate embodiment using 
vorable cases, but will not detect many materials. The 50 a micro liquid column (requiring only about 0 01 
present invention was developed to provide sensitivities ml/minute solvent flow rate, for example) the ^ total 
which are at least comparable (and preferably greater) liquid column effluent is supplied continuously to the 
than UV for all compounds with sufficient vapor pres- chemical ionization mass spectrometer, 
sure and thermal stability. A further advantage is the In accordance with a more specific object of the 
fact that the mass spectral information is much more 55 invention, capillary tube means having a restrict on in 
valuable for determination of the identify and structure the ion source chamber are provided for continuously 
of the eluted component than either DR or UV. introducing a liquid stream directly into *e source ot 
v the chemical ionization mass spectrometer. This inter- 
SUMMARY OF THE INVENTION face \ s use( j to integrate a commercial liquid chromato- 
In accordance with the present invention, liquid 60 graph and a chemical ionization mass spectrometer 
chromatography apparatus is provided for which eluted with both manual and automated data collection. 
• sampTe compete are detected by continuous direct A further object of the invention ts to provide appa- 
introduction of the solutions into a chemical ionization ratus of the type described above wherein gas i evacua- 
mass spectrometer coupled to a laboratory minicom- tion of the ion source chamber of the chemical .ontza- 
puter (COM). The resulting liquid chromatography 65 tion mass spectrometer is effected by means of a d.ffu- 
system shows many advantages now well established sion pump and a cryogenic purnp. The diffusion pump 
fo gas chromatography-mas! spectrometer-computer pumps 500 1/second of air at the^ source e "trance be- 
systems, such as The real time preparation of recon- cause of pipe conductance, and the cryotrap, which is 
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DESCRIPTION OF THE DRAWINGS |0 nute j n ' the liquid column, and a continuous 10-12 

Other objects and advantages of the invention will fj/minute now rate in the interface. The chemical ion- 

present ; aniJ ^.computer 30 (such as the POP 1 1/43 1 computer 

Defective views, respectively, of the inlet probe manufactured by D.g.tal Equ.pment Corporation May- 

FIG 4 is a graph illustrating the chemical ionization mode). n f ion source 

m^pectra of Uto, tricontanic acid methyl ester ^^^^2^^ 

m F C ,G° r 5 "^'representation of a liquid co.umn chro- " cryogenic pump 36 .^e diffusion pump (which may be 

.Sri for steroid analysis from the UV detector a VHSJ P^»^ 

"icTis a representation of total and mass chromat- source entrance because of 

ograms of the S«***££ ™ ^ '«»» "« 30 ^cLYu^ 

CO F T T/rJ ^TJlTJa™™ for n* .89. 203, is chilled by liquid ^"o^^ump ?S2S 

"fTc KS 'sS SSeSio^S 2*S for ^/min of liquid acetonitrile introduced , ^hrotigh the 
hCuScnr'omatograph/separation of tri.aurin, approxi- 

^L^^ ^Zl^ZX^L^} small o^entiaHy- 

corder is a" analog re ^° r ° ,n 8. t * d ^ With this system chromatographic runs of 

S^^^^^ fen?— 

deferring now^more particularly to FIG L I of the is done > overnight means ^ 

drawing, the liquid chroma.ography-mass spec.romeuy 45 As l ^ ^ of 0.076 mm internal 

system of the present inven tion ,nc ludes a conve ntional Ju^^capU^y ^ center of teflon rod 

chromatograph apparatus (such as the ALC 202 un.t of ^^^T^tntd through the vacuum lock made 
Waters Associates) f^J^S^i £ Sfdtoc? ^S3o- probe to provide a 

- — cfe^o^^ 
violet detector 12, and ref "«o™te< f ««« M. AJo J^^?,£JJ fl C ow ^tion 43 is formed by 

via three-way valve 18, and a conventional grad.ent cap'iiary is readiJy maintairl ed for times typical of those 

the refractometer in a conventional manner. item f . h Source . increased. Current 

chamber 26* of a chemical ™« «P"HX 6J ^ 'ton source block 44 is provided with a cover 46 
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the inlet cap^ary it corresponds to the vapor pressure X 10"* ™- appreciable liquid chro- 

of the solvent at the source temperature (222 C), and 5 The androstanone {ave no ^ However an 

decreases through the ion source and ion exit slit down matograph.c peak u «^ t ^. " V ^ t ^S^ 

very high pressure gradient in the ion source, so .hat presence of such impur ties could be ™^?™« 

^tinuous introduction of the liquid column efiluen, duces a respon, ,n *e ^-^f— eUr 

into the ,on source. current smttj rj ^ ^ ^ ut 

OPERATION nothing else. Mass chromatograms of single ions char- 

The mass spectrum depends on the nature of the 20 acteristic of each sample allowed correct «dcn t.f.ca- 

JJnl-Xe couple, but with all the examples stud- tions of each liqmd chromatography peak FIG. .61 

ed a mass spectrum indicative of the solute was ob- Basic system sens.t.v.ty depends on the cjventand 

specm of .h. lone ctaio Im-^.e. >hown i« HOJ thoUV^ ^ 

pre. m nary 8 r esul J indicate that solute fragmentation phy in which Kauri f^ZV^t^rSZl^- 
can be induced by addition of other ionizing reagent 45 sent m the mob.le solvent m.ght give .nterfenng back 
pLes Of special applicability for liquid chromatogra- ground in the mass spectrometer, 
nhv « spe ^.ometry "gradient elution chromatogra- The continuous monitonng of a l.qu.d chromato- 

„jo, ,i„H„io„ ta e „d it „, ,d„p,io„ .iooM » »t, t"dd*r„ oT.V^ re 1 . S SS 

'""" mhv . rr _ -Ji.r . ,in,rli„c mfnrmatinil 



- . ana n appeals ui« u» - f~r— . ~.«» 

As an example the liquid chromatography analysis of will also provide fragment ion structure '^manon- 

mass 600 to mass 1 20, with a flyback time of 2 sec. The tem. 
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, ^ . ., , lh . mM . For MID mode operation, improvement in sensitivity 
For a general study of an unknown mixture, the mass hor m |" ™ , ^ or a fcw particular ions is also 
spectrometer scan time is set to be substantially ta. ^^ ^ n ofthe present invention. Injec- 
than the expected widths of the LC peaks (e.g. a scan poss.b e v ,.th inc y gives a substantial m/e 215 
rate of 1 0 sec/decade), and mass spectra are collected using contentful analog record- 
repetitively during the LC run. The simplest method of 5 g^g*"™ substantial improvement in signal/- 
LC peak detection is to have the computer display a «n« < ^>' eJ summal ion of the ion signal over 4 
reconstructed chromatogram of the total .on signal tor in , erva)s (no te also the presence of the impurity of 
all peaks of masses above those from the solven sec : nterva n retention time). A sample size of 
(m/e> 160 in FIG. 7). For cases in which the chemical ^^SH^pproaches the detection limit (FIG. 
ionization mass spectral behavior of the solven. has not 10. 0 5 ng o^.lau^ jpp ^ ^ ^ ^ 
been studied or is not easily pred.ctab e, such as m ; ; 6 f , he eak . Note that this sensitivity is corn- 
gradient elution. peak detection by visual inspection of P ^ ^ to , hat shown by the UV detector 
the CRT-displayed spectra, either during or after the H £ of high mo i ar absorptivities, despite the 
run may be desirable. In our use to date it has not been J% of |he samp|e actually entered the 
necessary to use solute peaks of low mass although ^ ometer . 

these are often easily discernable in the s.de-by-side ^ ac K cordanc£ with an alternate embodiment of the 
CRT inspection of mass spectra of the effluent, or they invenljon micr0 | iquit i chromatography columns re- 
can be displayed by computer subtraction of the CI/MS , about q qj ml/minute solvent flow rates 
spectrum of the solvent measured from the LC baseline ^ ^ ° jded w hereby the total effluent could go con- 
adjacent in the chromatogram. tinuously to the chemical ionization mass spectrome- 
To illustrate the application, 50 ng of a sample ol ^ ^ ^ jcograrn sensitivities for the liquid chroma- 
trilaurin, MW 638, was injected at the head of the LC jo • . ^ spec trometer system are achieved corn- 
column, eluted with methanol, and mass spectra were , c those now possib i e f or gas chromatography 
scanned repetitively (20 sec, m/e 70 -700) ion the 25 mass spectr0 meter systems. . . . 
- 1% of the effluent directed to the MS. The CI spec- |( fe apparent ,h a t mass spectrometnc mon.tonng ol 
trum of trilaurin with CH 3 OH as the ionizing reagent so)ules e)u , ed from a liquid chromatograph can be 
shows a base peak at m/e 2 1 5, in contrast to the 200° rforrned simp ly by directly introducing a small frac- 
isobutane CI spectrum, as well as an ordcr-of-magn.- JT^ {a roximale |y 1%) of the liqu.d into the ion 
,ude smaller (M + H) + peak at m/e 639; the m/e 215 3Q chamber D f a chemical ionization mass spectrometer 
peak presumably is prolonated methyl laurate formed ^ so)vent acls ^ the ionizing reagent so that solution 
bv reaction with the solvent ions. A reconstructed liq- flow rates can be orders of magnitude higher than anal- 
uid chromatogram of masses 160 - 550 indicates a introduction into a normal mass spectrometer 
number of eluted components from the supposedly Fragme ntation is not extensive in CI spectra, so that 
nure sample. A mass chromatogram using m/e 215 35 , hes 6 e show clear evidence of the molecular we^hts of 
clearly shows the trilaurin eluting with a retention time the so | ules . The LC/MS spectrum depends on both the 
of 17 minutes The m/e 215 peak eluting at approxi- so)ven , and the solute, but most of the .ons due only to 
mately 9 minutes was found to be reproducible, how- ^ solutes are usually above the solvent peakf - 
Tver This is probably from lauric acid present in the H)+ is abundant with pentane or hexane as the solvent, 
sample as an impurity, although it is possible that some 40 {M + H )+ with "^'g?™'™*"™^?^ 
ample saponification occurred in the inlet system. and wa ter, and (M + H) + and (M + CHO, I with 
The largest peak in the reconstructed chromatogram chloroform. Sens.t.v.ties are high even " rom P"*°" 
waTfound to arise chiefly from m/e 1 89 and 203 ions lo the UV detector, and are generally in the nanogram 

(F,G - V' ^nd^-SSK St&wK£ 45 X in accordance with the Patent Statutes .have 

T^SS'i^S^^^ t£m impurities i„ us , rat ed and described the preferred form of the 

mt oduced "from ,h septum. Many of the smaller peaks invention, it will be apparent to those skilled in the art 

r/ronsuueted chromatogram also appear to be that various changes and modifications may be made 

^riS^M^Li and scrupulous clean- without deviating from the invent.ve concept set forth 

ine is necessary to achieve low noise chromatograms 50 above. 

de,eC M°? ^&7^i£^2%S££* c^Lt mis P spectr £ ometer measuring means of the 
eter. Note : tha .f ite UM ™°™™°"* enXS indi . chemical ionization type includ.ng an .on source cham- 
fer ident.r.cat.on. the eluted sample ~™P?"e n, d m ?! cnerr . rface me £ ns for continuously introducing 
cated in the mass chromatogram can be collected w.lh ^T^. 1 ^^^ source chamb er at least a portion 
relative ease because only approximate Jy 1% has been 60 ^y ^^^ duced at the liquid column 
used for CIMS detection, and ^™ 0 ^^™2_ ie hnproven«m wherein said interface means 
larg e solvent volumes mvolved. Un e norm al oper* ouJpuVtt P ^ ^ ^ ^ q{ m 
ing conditions, collection of 0. 1 ml samples ol eluate eomp y ^ chamhei , said capillary tube 
solutions will give several samples across a single LC ^ ds '"to sa throughout its length and 
peak, and evaporation of these m a sample holde r for 65 outlet : end ce ng y restriction, thereby to 
normal direct probe MS introduction Provides suffi- ~ he liquid supplied to the ion source chamber to 
cient sample for identification from the electron .omza- ^ flow rate . 
tion (EI) mass spectrum at the nanogram level. nave a reidu c.j 



2. Apparatus as defined in claim 1, wherein said 
chemical ionization mass spectrometer means includes 
cryogenic pump means connected with said ion source 
chamber for assisting in the pumping of higher molecu- 
lar weight solvents. 

3. Apparatus as defined in claim 1, wherein said 
capillary tube has an internal diameter of about 0.076 
mm, and wherein the size of the capillary tube restric- 
tion is about 1 micron, thereby to permit eluted efflu- 
ent flow rates on the order of 0.01 ml/minute. 



10 

4. Apparatus as defined in claim 1, and further in- 
cluding metering valve means connected with the out- 
let of the liquid column for regulating the fraction of 
the eluted effluent from the liquid column that is sup- • 

; plied to said ion chamber source. 

5. Apparatus as defined in claim 1, wherein the liquid 
chromatography column is of the micro-liquid column 
type having a flow rate on the order of 10"- ml/minute, 
substantially all of the liquid column effluent being 
supplied continuously to the ion source chamber. 
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